Cell-mediated autoimmunity has been strongly implicated in the pathogenesis of vascular cell injury in Takayasu's arteritis. To clarify the immunological mechanisms involved, we examined the expression of a cytolytic factor, perforin in infiltrating cells of aortic tissue samples from seven patients with Takayasu's arteritis. We also examined the expression of a 65-kD heat-shock protein 
Introduction
Takayasu's arteritis is a form of vasculitis characterized by stenotic and occasionally dilated lesions in the aorta, its main branches, and the pulmonary arteries. A strong predilection for women and a high incidence in Asian and South American countries suggests a role for genetic factors. Several studies (1) (2) (3) have demonstrated an association between the disease and Address correspondence to Yoshinori Seko Receivedfor publication 4 May 1993 and in revisedform 8 September 1993. specific human leukocyte antigen ( )HLA) types supporting immunopathological mechanisms. Histological findings of inflammatory cell infiltration and necrosis ofthe arterial vascular cells strongly suggest that cell-mediated autoimmunity plays an important role in the pathogenesis involved (4) . The mechanism of vascular cell injury, as well as the primary cause that triggers the autoimmune process, are of great clinical significance and remain to be clarified. Natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) play major roles in cell-mediated cytotoxicity, and are thought to kill virus-infected cells or tumor cells with effector molecules contained in their cytoplasmic granules. One of these effector proteins is named poreforming protein or perforin (5) . Recent studies (6) (7) (8) (9) (10) (11) (12) have demonstrated that perforin is expressed by infiltrating lymphocytes in various diseases, as well as lymphocytes under physiological conditions, and can be a good marker for killer cells.
T lymphocytes are known to recognize antigens by their receptors in association with syngeneic MHC antigens, such as HLAs, on the surface of antigen-presenting cells. To become target cells for T lymphocytes, the antigen-presenting cells must express MHC antigens. Furthermore, cell-cell interactions in the immune response are thought to be mediated by cell adhesion molecules expressed on both the immune cell and target cell. Intercellular adhesion molecule-1 (ICAM-1 ), which is a ligand for lymphocyte function-associated antigen-1, is thought to be induced by cytokines on various target cells at the site of inflammation, and to play an important role in the recognition, adhesion, and cytotoxicity of killer lymphocytes ( [13] [14] [15] [16] [17] .
Heat-shock proteins (HSPs) are known to be synthesized by various cells in response to environmental stresses, such as temperature changes, inflammation, and viral infection. Evidence has accumulated that yb T lymphocytes can recognize autologous HSPs and may play an important role in autoimmunity (18, 19) .
In this study, we attempted to clarify the immunological mechanisms involved in the vascular cell injury of Takayasu's arteritis. We Immunohistochemistry. Double-staining was performed for surface markers and perforin by an enzyme antibody method. Cryostat sections of aortic tissue samples were fixed in acetone for 5 min, then incubated with mouse anti-human CD8, CD 16, or TCR y6 for 1 h at 370C. After washing in PBS, they were incubated with biotinylated anti-mouse IgG (Vector Laboratories, Inc.) for I h at 370C, washed in PBS, and then incubated with avidin-biotinylated peroxidase complex (ABC-Immunoperoxidase Kit; Vector Laboratories, Inc.) for 30 min at 370C. After washing in Tris-HCl buffer, they were reacted with diaminobenzidine tetrahydrochloride (0.2 mg/ml) in Tris-HCl buffer, and the sections were fixed again in 4% paraformaldehyde for I min and 0.5% periodic acid for 10 min at room temperature. To quench cross reaction of biotinylated anti-mouse IgG with rat anti-human perforin mAb, the sections were blocked with mouse sera for 30 min at 370C, then incubated with rat anti-mouse perforin mAb for 1 h at 370C. After washing in PBS, the sections were incubated with biotinylated anti-rat IgG (Cappel Laboratories, West Chester, PA), which had been preabsorbed with mouse sera, for 1 h at 370C. After washing in PBS, the sections were incubated with avidin-biotinylated alkaline phosphatase complex (ABC-AP Kit; Vector Laboratories, Inc., according to the manufacturer's instructions) for 30 min at 37°C. After washing in PBS, a substrate that generates a blue reaction product (Alkaline Phosphatase Substrate Kit III; Vector Laboratories, Inc.) was added, and then coverslips were mounted with resin without counterstaining.
Immitnoelectron microscopy. Cryostat sections ofaortic tissue samples were fixed in acetone for 3 min at 4°C, and fixed in 4% paraformaldehyde in PBS for I min at room temperature. After washing in PBS, the sections were treated with 0.5% periodic acid for 10 min at room temperature. After washing in PBS, the sections were blocked with 2% rabbit serum in PBS for 30 min at 37°C, then incubated with rat antiperforin mAb for 1 h at 37°C, washed in PBS, and incubated with biotinylated rabbit anti-rat IgG antibody (Cappel Laboratories) for 1 h at 37°C. After washing in PBS, the sections were incubated with avidinbiotinylated peroxidase complex (ABC-Immunoperoxidase Kit; Vector Laboratories, Inc.) for 30 min at 37°C, washed in PBS, then fixed with 1% glutaraldehyde in PBS for 5 min at room temperature. The sections were washed in Tris-HCl buffer, and reacted with diaminobenzidine tetrahydrochloride (0.2 mg/ml) in Tris-HCl buffer. The reaction was performed with a 1 h preincubation with 1% DMSO, then with H202 for 5 min at room temperature. The sections were washed in PBS and treated with 2% osmium tetroxide in PBS for 60 min. They were again washed in PBS, followed by ethanol dehydration and embedding in Epok 812 resin (Ouken Shoji, Co. Ltd., Tokyo, Japan). Ultrathin sections were prepared and examined with an electron microscope ( 200EX; JEOL Ltd., Tokyo, Japan).
Preparation oflabeled RNA probe. A Bam HI/Sau 3A fragment of In situt hybridization. Cryostat sections (6 Am thick) of freshly dissected aortic tissue samples were prepared on slides, which had been pretreated in 3x SSC (lx SSC; 0.15 M sodium chloride and 0.015 M sodium citrate), Denhardt's solution containing 0.02% Ficoll-400, 0.02% polyvinylpyrrolidone-360, and 0.02% BSA, air dried, and fixed in 4% paraformaldehyde in PBS for 15 min at room temperature. After washing in PBS, the sections were dehydrated in ethanol and stored at -20°C until use. The sections were washed three times in 2X SSC for 15 
Results
Histological examination showed marked thickening ofthe intima and adventitia, irregular disruption of the medial elastic fibers, and inflammatory cell infiltration involving the vasa vasorum of the media and the adventitia. Along with clinical features, angiography, and blood analyses, a diagnosis of Takayasu's arteritis was established in all seven patients. Phenotypic analysis ofthe infiltrating cells. First, we analyzed the phenotypes ofthe infiltrating cells in aortic tissue with Takayasu's arteritis by immunoperoxidase. As shown in Fig. 1 (A-E), most ofthe infiltrating cells consisted of CD4' T helper cells (Fig. I A) , CD8+ CTLs (Fig. I B) , CD 14' macrophages ( Fig. I C) , CD16' NK cells (Fig. I D) , and TCR y6 '6 T lymphocytes (Fig. I E) . B cells positive for CD20 were few in number or absent (data not shown). The relative distribution of phenotypic markers among the infiltrating cells in each patient are summarized in Table I Fig. 1 (F-H) shows representative sections with double staining of the infiltrating cells for perforin as blue color and cell surface markers (CD8, CD 16, and TCR 61 ) as brown color. There was clear expression of perforin in the peripheral cytoplasmic granules of CTLs (Fig. 1 F) , NK cells ( Fig. 1 G) , and ySA T lymphocytes (Fig. 1 H) , indicating that these cells are activated killer cells.
Visualization of in vivo release ofperforin molecules. To investigate whether these killer cells really damage the aortic vascular cells and to clarify the mechanism, we examined the release of perforin molecules from the infiltrating cells by immunoelectron microscopy. Fig. 2 shows that numerous per- forin molecules are released from the surface of an infiltrating cell and directly onto the surface of an aortic vascular cell, which is in contact with the infiltrating cell (Fig. 2, arrows) . This may represent the delivery of a lethal hit and strongly suggests that perforin-mediated direct target cell damage may occur. Although such fields were rather difficult to find, we could find the same fields in several other sections. It is clear that perforin molecules are secreted from the infiltrating cells and pass across the narrow extracellular space (-3 gm), as shown in Fig. 2 , to reach the surface of the vascular cell. Thus, these data strongly suggest that perforin attacks target cells by passing through the extracellular space, followed by insertion and polymerization in the planar lipid bilayer of the target membrane, rather than by direct insertion into a target membrane in tight contact with the surface of a killer cell. Perforin was also clearly expressed in the peripheral cytoplasm or at the surface of another infiltrating cell (Fig. 2, arrowheads) . Detection ofperforin mRNA in the infiltrating cells by in situ hybridization. To confirm the expression of perforin at the transcriptional level, we analyzed the expression of perforin mRNA by in situ hybridization using 35S-labeled antisense and sense RNA probes. Fig. 3 shows one of the representative results of in situ hybridization of serial sections of the aortic tissue samples with antisense ( Fig. 3 A) or sense (Fig. 3 B) RNA probes. Strong signals of perforin gene transcripts were found on several infiltrating cells (Fig. 3 A, arrows) . Hybridization with the sense RNA probe as a negative control revealed no significant level of signals (Fig. 3 B) , showing that the nonspecific background was low.
Expression of HLA class I, class II, and ICAM-1 in the aortic tissue. Fig. 4 shows the expression ofHLA classes I and II and ICAM-1 in the vasa vasorum of aortic tissue from normal subjects (Fig. 4, A-C) , and from patients with Takayasu's arteritis (Fig. 4, D-F) . In aortic tissue from normal subjects, HLA class I was moderately expressed in some parts of the intima, adventitia, and vasa vasorum (Fig. 4 A) , and weakly expressed in the media. HLA class II was moderately expressed in some parts of the intima and the adventitia, and weakly to moderately expressed in the vasa vasorum (Fig. 4 B) . ICAM-1 was expressed moderately in some parts ofthe intima, but only weakly expressed in the vasa vasorum (Fig. 4 C) . In patients with Takayasu's arteritis, the expression of these antigens was clearly increased over the aortic tissue. Especially in the vasa vasorum, the expression of HLA class I was markedly increased (Fig. 4 D) , and the expression of HLA class II and ICAM-1 was moderately increased (Fig. 4, E and F, respectively). These findings were representative of the entire samples studied.
Expression of HSP-65 in the aortic tissue. To clarify the mechanism of yb T lymphocyte infiltration, we examined the expression of HSP-65 in aortic tissue with Takayasu's arteritis. Fig. 5 shows the expression of HSP-65 in aortic tissue from normal subjects (Fig. 5 A) and from patients with Takayasu's arteritis (Fig. 5, B and C) . HSP-65 was expressed weakly only in the media ofaortic tissue from normal subjects (Fig. 5 A) . In aortic tissue from patients with Takayasu's arteritis, the expression of HSP-65 was markedly increased in the media (Fig. 5   B) . Some of the vasa vasorum also strongly expressed HSP-65 (Fig. 5 C) . The enhanced expression of HSP-65 was found in all seven patients with Takayasu's arteritis. There was only weak or slightly increased expression of HSP-65 in the media and the vasa vasorum of aortic tissue with atherosclerotic changes (data not shown).
Discussion
Not only the etiology ofTakayasu's arteritis, but also the mechanism of the vascular cell injury, has been unclear. Although 754 Seko et al. circulating autoantibodies such as Coom's antibodies (23) Evidence has accumulated that perforin is released from the cytoplasmic granules of killer cells during target cell lysis, followed by its insertion and polymerization on the target membrane to form transmembrane tubular lesions (perforin pores), which in turn cause colloid-osmotic injury to the target cells (5, 28, 29) . However, these studies were performed in vitro, and there has been no evidence showing the granule exocytosis mechanism of perforin in cell-mediated cytotoxicity primed in vivo. We previously reported that NK cells, which express perforin, infiltrate murine hearts affected by acute viral myocarditis (8) . Recently, using the same model of viral myocarditis, we have demonstrated by immunoelectron microscopy that numerous perforin molecules are released from the infiltrating cells directly onto the surface of cardiac myocytes, and that there are many circular lesions characteristic of perforin pores on the membrane of cardiac myocytes (30) . The results in the present study strongly suggest that the infiltrating killer cells directly injure the vascular cells in Takayasu's arteritis by the same mechanism as noted in viral myocarditis.
Although the nature ofthe antigen that triggers the autoim- mune process involved in Takayasu's arteritis is unknown, it is thought that the infiltrating T perforin may recognize some antigen, either in the form of a small, processed protein fragment or as a superantigen, in association with HLAs. It is also unclear whether or not the antigen recognized by infiltrating 'y T lymphocytes is the same as that recognized by infiltrating afi T lymphocytes. To investigate the antigen specificity of the infiltrating T lymphocytes, we are currently analyzing the extent ofTCR ( y6 as well as a3) variable region gene usage by the polymerase chain reaction. Our data support the previous reports that the specificity of HLA antigens, which play an important role in the recognition of antigens by T lymphocytes, are associated with Takayasu's arteritis and may determine susceptibility to the disease.
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